Heritable bacterial endosymbionts can alter the biology of numerous arthropods. They can influence the reproductive outcome of infected hosts, thus affecting the ecology and evolution of various arthropod species. The spruce bark beetle Pityogenes chalcographus (L.) (Coleoptera: Curculionidae: Scolytinae) was reported to express partial, unidirectional crossing incompatibilities among certain European populations. Knowledge on the background of these findings is lacking; however, bacterial endosymbionts have been assumed to manipulate the reproduction of this beetle. Previous work reported low-density and low-frequency Wolbachia infections of P. chalcographus but found it unlikely that this infection results in reproductive alterations. The aim of this study was to test the hypothesis of an endosymbiont-driven incompatibility, other than Wolbachia, reflected by an infection pattern on a wide geographic scale. We performed a polymerase chain reaction (PCR) screening of 226 individuals from 18 European populations for the presence of the endosymbionts Cardinium, Rickettsia, and Spiroplasma, and additionally screened these individuals for Wolbachia. Positive PCR products were sequenced to characterize these bacteria. Our study shows a low prevalence of these four endosymbionts in P. chalcographus. We detected a yet undescribed Spiroplasma strain in a single individual from Greece. This is the first time that this endosymbiont has been found in a bark beetle. Further, Wolbachia was detected in three beetles from two Scandinavian populations and two new Wolbachia strains were described. None of the individuals analyzed were infected with Cardinium and Rickettsia. The low prevalence of bacteria found here does not support the hypothesis of an endosymbiont-driven reproductive incompatibility in P. chalcographus.
It was found to act as reproductive manipulator by expressing a male-killing phenotype in Drosophila flies (Xie et al. 2014) and in a nymphalid butterfly (Jiggins et al. 2000) . Furthermore, a Spiroplasma infection can protect Drosophila spp. against natural enemies (Jaenike et al. 2010 , Xie et al. 2014 . Rickettsia bacteria occur in various terrestrial arthropods (Weinert et al. 2015 ) with a wide range of effects on host biology (e.g., Sakurai et al. 2005 , Zchori-Fein et al. 2006 , Himler et al. 2011 . They can also express phenotypes with altered reproductive behavior, such as male killing in coleopteran or parthenogenesis in hymenopteran hosts (Lawson et al. 2001 , Hagimori et al. 2006 .
Bark beetles (Coleoptera: Curculionidae: Scolytinae) are key players in forest ecosystems, and some species can have huge economic and ecological impacts on their environment . Numerous scolytines express symbiotic relationships with other organisms, such as arthropods, fungi, or bacteria (Hofstetter et al. 2015 , Wegensteiner et al. 2015 . Associations with bacterial endosymbionts have been described for various bark beetles, but knowledge of effects on host biology is often limited. For example, infections with Wolbachia and Rickettsia can be related to sex determination or oogenesis in bark beetles, however, background on underlying mechanisms is scarce (e.g., Peleg and Norris 1972a ,b, Stauffer et al. 1997 , Vega et al. 2002 , Zchori-Fein et al. 2006 , Arthofer et al. 2009 , Kawasaki et al. 2010 . The influence of Spiroplasma and Cardinium on the reproduction of scolytines is largely unknown.
Pityogenes chalcographus (L.) (Coleoptera: Curculionidae: Scolytinae) is a common and widespread bark beetle in the Palearctic. It is oligophagous utilizing various conifers of the family Pinaceae; however, the main host tree in its European range is Norway spruce, Picea abies. Pityogenes chalcographus prefers thin-barked parts of trees, such as upper parts of the trunk or branches. Usually, this beetle infests weakened hosts, for example, trees damaged by wind or snow, or after logging operations. Pityogenes chalcographus is polygamous where one male can mate with up to seven females and one female beetle can deposit about 10 to 26 eggs. After subcortical development young beetles emerge to infest new host trees. This bark beetle can produce up to three generations per year (Schwerdtfeger 1929 , Postner 1974 .
Reproductive incompatibilities in scolytines are rare. Pityogenes chalcographus is unique among bark beetles studied, in that reproductive incompatibilities among certain European populations have been detected for this species (Führer 1976 (Führer , 1977 . Another remarkable example in this weevil subfamily is the North American mountain pine beetle, Dendroctonus ponderosae Hopkins (Coleoptera: Curculionidae), where reproductive incompatibilities around the Great Basin Desert have been described (Bracewell et al. 2017) .
In P. chalcographus, mating experiments with males and females from certain European populations revealed partial, unidirectional crossing incompatibilities, reflected in a reduced number of offspring in allochthonous (males and females from different populations) compared to autochthonous (males and females from the same population) crosses. A northeastern and a central European lineage of this beetle were proposed and processes of incipient speciation were suggested (Führer 1976 (Führer , 1977 . Knowledge of the background of these findings is lacking; however, bacterial endosymbionts as potential factors have been hypothesized (Riegler 1999 , Avtzis 2006 , Arthofer et al. 2009 ).
Previous studies reported a low Wolbachia prevalence in P. chalcographus (Riegler 1999 , Avtzis 2006 . Arthofer et al. (2009) found Wolbachia only in low titers in European individuals and no geographic infection pattern was observed. Pityogenes chalcographus might harbor an ancient Wolbachia infection that might have been lost over time making it unlikely that this endosymbiont infection affects the reproduction of this bark beetle (Arthofer et al. 2009 (Arthofer et al. , 2010 . Moreover, evidence suggests a strong, positive relationship between the density of Wolbachia in a host and the level of CI that occurs (Bordenstein and Bordenstein 2011) supporting the hypothesis that low-titer and low-prevalence Wolbachia in P. chalcographus likely does not result in reproductive incompatibilities. Knowledge on the presence and potential role of other secondary endosymbionts present in this bark beetle is lacking.
The aim of this study was to screen for endosymbionts in P. chalcographus that are described to alter the reproduction of arthropods and might be involved in reproductive peculiarities reported by Führer (1976 Führer ( , 1977 . Thus, we screened this beetle for the presence of Cardinium, Rickettsia, and Spiroplasma using polymerase chain reaction (PCR). In addition, we aimed to detect non-low-titer Wolbachia to supplement previous findings. Subsequently, endosymbiont infections were confirmed and characterized by sequencing positive PCR products. We studied 226 individuals from 18 European populations to find drivers of reproductive alterations in this bark beetle. This is the first study on the prevalence of Cardinium, Rickettsia, and Spiroplasma in P. chalcographus and provides novel insights in the biology of this important beetle species.
Materials and Methods

Sample Collection and DNA Extraction
Pityogenes chalcographus was collected from breeding systems of infested trees or felled logs of Norway spruce between 1994 and 2009. In total, 226 individuals from 18 European locations were studied (Table 1) , covering a wide part of the beetle's range. To avoid biases due to the maternal inheritance of endosymbionts only one beetle per breeding system was collected and specimens were stored in absolute ethanol at −20°C. DNA was extracted from whole beetles using the 'GenElute Mammalian Genomic DNA miniprep kit' (Sigma-Aldrich, St. Louis, MO), following the manufacturer's instructions.
PCR Screening for Endosymbionts
PCR screening of P. chalcographus for all four endosymbionts was performed in a total volume of 10 µl using 1× Y-buffer (2 mM, incl. MgCl 2 ), 1 mg/ml BSA, 800 µM dNTP-mix, 0.2 µM symbiont-specific forward and reverse primer, 0.5 U peqGold Taq-DNA-Polymerase 'all inclusive' (Peqlab/VWR, Erlangen, Germany), and 1.0 µl template DNA.
To detect Cardinium we used the primers CLO-F1 and CLO-R1, targeting a ~450 bp fragment of the 16S rDNA gene (Weeks et al. 2003) . PCR conditions were 94°C for 3 min, followed by 35 cycles of 94°C for 30 s, 60°C for 45 s, 72°C for 45 s, followed by a final extension step at 72°C for 7 min. Cardinium-harboring Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) whiteflies were used as positive controls.
Rickettsia screening was done using the primers 528F and 1044R, targeting a ~500 bp fragment of the 16S rDNA gene (Chiel et al. 2009 ). PCR conditions were 94°C for 3 min, followed by 35 cycles of 94°C for 30 s, 60°C for 45 s, 72°C for 45 s, followed by a final extension step at 72°C for 7 min. We used Rickettsia-infected individuals of B. tabaci as positive controls.
Samples were screened for Spiroplasma using the primer pair SpixoF/SpixoR, amplifying a ~800 bp fragment of the 16S rDNA gene (Duron et al. 2008) . PCR was performed at 94°C for 3 min, followed by 35 cycles of 94°C for 30 s, 52°C for 45 s, 72°C for 1 min, followed by a final extension step at 72°C for 7 min. Spiroplasmaharboring Dermanyssus gallinae (De Geer) (Mesostigmata: Dermanyssidae) mites were used as positive controls.
Wolbachia infection was studied using the primer pair 81F/691R, targeting a ~600 bp fragment of the wsp (Wolbachia surface protein) gene (Braig et al. 1998 . PCR conditions were 94°C for 3 min, followed by 35 cycles of 94°C for 30 s, 55°C for 45 s, 72°C for 45 s, followed by a final extension step at 72°C for 8 min. Wolbachia-infected specimens of the tephritid fly Rhagoletis cerasi (L.) (Diptera: Tephritidae) were used as positive controls.
PCR products of all endosymbionts were separated by electrophoresis on a 2% agarose gel stained with GelRed nucleic acid dye (Biotum, Hayward, CA). To avoid false positive results, PCR in all samples where an endosymbiont infection was detected were replicated.
Characterization of Endosymbionts
PCR products of positive samples were Sanger sequenced by a commercial provider (Eurofins Genomics, Ebersberg, Germany). Sequence chromatograms were carefully screened for the presence of ambiguous sites using ChromasLite version 2.1 (Technelysium, Australia). Sequences were edited in GeneRunner version 5.0 (www. generunner.net) and a BLAST search was done using the 'blastn' algorithm in GenBank. Sequences were aligned to the top BLAST hits using ClustalX version 2.0 (Larkin et al. 2007 ). All genotypes were confirmed by sequencing three independent PCR products. Representative sequences for each strain were submitted to GenBank.
Results
Detection of Endosymbionts using PCR
Screening of P. chalcographus for the presence of the endosymbionts Cardinium, Rickettsia, Spiroplasma, and Wolbachia revealed that these bacteria were present in less than 2% of the individuals studied (Table 1) . Only one out of 12 P. chalcographus from the Greek population Drama was infected with the bacterium Spiroplasma (Fig. 1) . Wolbachia was found in three beetles: in two out of 13 individuals from the Finnish population Kangashäkki and in one out of 22 samples from the Swedish population Overkalix (Table 1, Fig. 2) .
No Cardinium and no Rickettsia infections were detected (Table 1) . Individuals with an endosymbiont infection had amplicons in the same size range as the positive controls ( Figs. 1 and 2 ).
Characterization of Endosymbionts
Sequence chromatograms of all four positive samples had unambiguous single peaks, suggesting infections with only one bacterial strain per individual. The Spiroplasma infection detected in a P. chalcographus individual from Drama/Greece (GenBank accession number: MH232090) has 99% homology to a Spiroplasma found in the weevil Curculio sikkimensis (Heller) (Coleoptera: Curculionidae) (AB545038, Toju and Fukatsu 2011), differing by four mutations.
Genotyping of Wolbachia from three infected individuals resulted in three different strains: One P. chalcographus individual from Overkalix/Sweden (MH232091) shows 100% identity with the strain wCha-B that was described for P. chalcographus previously (DQ993183, Arthofer et al. 2009 ). Two beetles from Kangashäkki/ Finland were infected by two new Wolbachia strains: One strain (MH232093) has 99% homology to the previously described strain wCha-B (DQ993183, Arthofer et al. 2009 ), differing by two mutations; this new strain was named wCha-B2. The other strain (MH232092) shows 99% homology to a Wolbachia infection from Chilo suppressalis (Walker) (Lepidoptera: Crambidae) (HQ336511), differing by four mutations; this new strain was named wCha-B3.
Discussion
Here, we screened the bark beetle P. chalcographus for the presence of Cardinium, Rickettsia, Spiroplasma, and Wolbachia. These endosymbionts are known to manipulate the reproduction of several arthropod hosts and could explain previously described unidirectional reproductive incompatibilities in this beetle. We found a low prevalence of the four endosymbionts. A single beetle from a Greek population carried the bacterium Spiroplasma. To the best of our knowledge, this is the first time that Spiroplasma has been described in a bark beetle. Three individuals from two Scandinavian populations were infected with Wolbachia, two of them with two new Wolbachia strains. The low prevalence of Wolbachia and Spiroplasma does not support the hypothesis that heritable bacterial endosymbionts are causing reproductive incompatibilities in P. chalcographus. Our results confirm previously published data that P. chalcographus is rarely infected with Wolbachia (Riegler 1999 , Avtzis 2006 , Arthofer et al. 2009 ) and that this symbiont might not be an important player in the reproductive biology of this bark beetle. Moreover, Wolbachia in P. chalcographus is present mainly in low titers (Arthofer et al. 2009 ). Since CI is correlated with Wolbachia density (Bordenstein and Bordenstein 2011) it is unlikely that low-titer infections result in reproductive incompatibilities in this beetle (Arthofer et al. 2009 (Arthofer et al. , 2010 .
Spiroplasma was detected only in one single individual. Therefore, we assume that it is unlikely that this bacterium expresses a phenotype with an altered reproductive mode that affects evolutionary processes in P. chalcographus on a broad geographic scale. Spiroplasma infections are described for various insect orders, such as Diptera, Lepidoptera, and Coleoptera (Jiggins et al. 2000 , Weinert et al. 2007 , Jaenike et al. 2010 , Xie et al. 2014 ). Our results support the assumption (Duron et al. 2008 , Weinert et al. 2015 ) that many relationships between Spiroplasma and arthropods are still undiscovered.
None of the individuals in this study harbored an infection with Cardinium or Rickettsia. A screening of the whole microbiome of P. chalcographus using Next Generation Sequencing techniques (e.g., Morrow et al. 2017 , Vieira et al. 2017 , however, could elucidate relationships to any other symbiont of this bark beetle. This could provide potential culprit organisms to explain the previously observed reproductive incompatibilities in P. chalcographus. Further experimentation, e.g., extensive crossing studies or antibiotic treatment, could then be conducted to understand the mechanisms causing incompatibility, thus shedding further light on the evolution and biology of P. chalcographus in Europe.
Although mating experiments in P. chalcographus are laborious (Avtzis et al. 2008 ) they would add important knowledge to the beetle's reproductive biology. For example, findings by Führer (1976 Führer ( , 1977 did not show complete incompatibilities among crosses or a clear geographic pattern of altered reproduction. Further, Avtzis et al. (2008) did not detect a distinct genetic basis for reproductive incompatibilities. Therefore, we suggest confirming and re-assessing previous crossing studies, combining them with fine-scale genetic analyses, and relating endosymbiont infections to a reproductive phenotype to elucidate this chapter of the beetle's biology and to add significant knowledge to the evolution of this weevil subfamily. Peleg and Norris (1972a,b) reported a scolytine-endosymbiont relationship with potential impacts on the reproductive outcome of the host for the first time. Subsequently, an increasing number of scolytine-endosymbiont associations were described (e.g., Stauffer et al. 1997 , Vega et al. 2002 , Zchori-Fein et al. 2006 , Arthofer et al. 2009 , Kawasaki et al. 2010 . Among reproductive manipulators, Wolbachia is the best studied symbiont of bark beetles. This bacterium, e.g., might be involved in the sex determination of some species (Vega et al. 2002 , Kawasaki et al. 2010 . Kawasaki et al. (2016) screened various bark beetles and found that haplodiploid species are more often infected with this endosymbiont than diploid species, with infection frequencies ranging from 0 to 100%. However, no general infection pattern and no co-evolutionary relationships between beetle and endosymbiont were found (Kawasaki et al. 2016) . In addition to their influence in sex determination, endosymbionts like Wolbachia and Rickettsia can affect the egg production of the scolytine Coccotrypes dactyliperda F. (Coleoptera: Curculionidae) (Zchori-Fein et al. 2006) . Finally, many endosymbiont infections that alter the reproduction of bark beetle hosts might still be undiscovered, and future research will shed light on the background and evolutionary impacts of this symbiosis.
In conclusion, our findings confirm that Wolbachia is not likely a reproductive manipulator of P. chalcographus. Moreover, our results suggest that it is improbable that Cardinium, Rickettsia, and Spiroplasma have implications on the evolution of this beetle. If P. chalcographus expressed an endosymbiont-driven incompatibility on a European scale, reflected in a central and northeastern lineage (Führer 1976 (Führer , 1977 , we would expect differences in infection patterns in these regions. For example, southern and central European populations of the tephritid fruit fly R. cerasi were reported to show unidirectional reproductive incompatibilities (Boller et al. 1976) . Wolbachia was detected to cause these findings by expressing CI (Riegler and Stauffer 2002) and frequencies of the CI-inducing Wolbachia strain change from 100 to 0% within a few kilometers, reflecting this incompatibility pattern (Boller et al. 1976 , Riegler and Stauffer 2002 . In contrast, the infection pattern found here, as well as by other authors (Arthofer et al. 2009 (Arthofer et al. , 2010 , does not support an endosymbiont-driven incompatibility in P. chalcographus.
Alternatively, we propose that other processes, e.g., cycles of glacial and interglacial periods (Hewitt 1996) , have likely shaped the genetic structure and evolutionary history of P. chalcographus (Avtzis et al. 2008 , Bertheau et al. 2013 .
